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The red clay eolian sequence on the Chinese Loess Plateau (CLP) is an important archive for paleoclimate change from the late 
Miocene to Pliocene, and can provide significant information for the controversial problems of East Asian monsoon evolution and 
its forcing mechanism. In this study, we present a pollen record from Baode, northern CLP. The record shows four stages of pa-
leoecological evolution. From 5.6–4.4 Ma, a forest steppe ecosystem developed under an extremely warm period with high sea-
sonal precipitation. Since 4.4 Ma, a drier episode occurred, which prompted parkland landscapes to develop. During 3.5–3.05 Ma, 
the environment changed to a rather open steppe ecosystem with a much cooler and drier climate. After 3.05 Ma, the vegetation 
evolved to forest steppe. Using the percentages of arboreal plants to mirror precipitation, and comparing with other published 
pollen data from the CLP, we find the existence of S-N directionality of the precipitation change and high percentage of arboreal 
plants in the entire CLP during the Early Pliocene, which suggest the CLP was characterized by a strong East Asian summer 
monsoon. The strong summer monsoon corresponds well to the low global ice volume, which may illuminate global climate 
mechanism for the summer monsoon evolution in the early Pliocene. 
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The East Asian monsoon (EAM) dominates the climate of 
much of China and its surrounding areas, and is an impor-
tant factor for precipitation patterns. The major monsoon 
precipitation of the Chinese interior regions decreases from 
the southeast to the northwest direction. Along with de-
creasing precipitation, the vegetation changes from forest in 
southeastern China to steppe and ultimately desert in 
northwestern China. The Chinese Loess Plateau (CLP) is 
located precisely within the transition zone (Figure 1). Thus, 
the area is ideally situated for studying the long-term evolu-
tion of the monsoon system. 
It has been confirmed that the eolian loess-paleosol and 
red clay sequences on the CLP are an excellent continuous  
                      
*Corresponding author (email: fangxm@itpcas.ac.cn) 
terrestrial archive for understanding EAM evolution [1–3]. 
The Chinese loess-paleosol alternation was caused by the 
strengthening and weakening of the East Asian paleo- 
monsoons. Intervals of loess deposition developed during 
warm-humid interglacial climates, corresponding to 
strengthened winter monsoons, whereas soil-forming inter-
vals occurred during cool-arid glacial climates, correspond-
ing to strengthened summer monsoons [1–7]. Studies of the 
underlying red clay sequences show that the EAM com-
menced at least 8 Ma ago [2], or even earlier at 22 Ma ago 
[3]. The latter date is supported by land vegetation data [8]. 
However, there is still much debate about the evolution and 
forcing mechanism of the EAM. Inorganic proxies, such as 
coarser grain size, stronger magnetic susceptibility, and 
higher Rb/Sr ratios, all indicate that the continued intensifica-
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tion of East Asian summer and winter monsoons strengthened 
simultaneously at about 3.6 Ma [2,9]. In addition, the low 
volume of C4 vegetation indicates the EASM was relatively 
weak before ~3.6 Ma [9–11]. The above has lead researchers 
to conclude that the EASM was relatively weak prior to this 
time. However, the weak summer monsoon before 3.6 Ma 
corresponds exactly to a period of low ice volume and warm 
intervals at high latitudes in the Northern Hemisphere [12,13]. 
This link clearly is inconsistent with the patterns of monsoons 
and global ice volumes recorded by the loess-paleosol of the 
Pleistocene. In this study we investigated the evolution of 
vegetation to evaluate the above problem. 
Vegetation is a direct and sensitive indicator for climate 
change. There are only two studies concerning the red clay 
sediments, mainly from central and southern parts of the 
Loess Plateau [14,15]. The northern CLP is much more sen-
sitive to climate change. However, the continuous record is 
sparse. Thus, here we present a continuous pollen record 
from the Luzigou section of Baode, northern CLP. In addi-
tion, by latitudinal comparisons with previously published 
data, we discuss the evolution of the EASM. 
1  Study area and settings 
The CLP is situated within the transition zone from mon-
soon to arid regions. Precipitation is a crucial deterministic 
factor in spatial distribution of the vegetation [16]. Under 
control of the EAM, there is a strong climatic gradient over 
the CLP. Over the plateau, the mean annual precipitation 
decreases from ~650 mm in the southeast to ~300 mm in the 
northwest. The vegetation patterns in this region can mirror 
precipitation patterns. Broadleaf deciduous forests are domi-
nant to the south of the CLP, and the CLP spans the north-
westward transition from steppe to desert [17] (Figure 1).  
The Luzigou study section is located in Luzigou Village, 
Baode County, northern CLP (111°09′32″E, 39°01′01″N) 
 
Figure 1  Location of the study area, precipitation and vegetation zona-
tion of the CLP. 
(Figure 1). Baode is the representative area where the typi-
cal Hipparion fauna was first discovered, and the Baode 
Red Clay was defined [18,19]. The average annual tem-
perature is 8.8°C. The mean annual precipitation is about 
493.6 mm, concentrated in July and August. The present 
vegetation is a typical arid steppe, dominated by dwarf xe-
rophil brushwood. The flora is mainly composed of shrubs, 
such as Hippophae rhamnoides, Spiraea, Ostryopsis david-
eana, Sanguisorba officinalia, Chrysanthernum indicum, 
Artemisia sacrorum, Stipa capillata, Thymus mongolicus, 
Themeda gigantea, Setaria viridis, Zizyphus sativa, and 
Eragrostis pilosa [20]. 
Recently, the stratigraphy of the Luzigou red clay section 
was investigated. The red clay sediments are ~50 m thick, 
with a reworked unit between ~8.4–50 m, and typical 
wind-blown red clay above 8.4 m. The loess strata lie con-
formably with the red clay. The red clay sequences extend 
between ~6.6 Ma and ~2.8 Ma [21] (Figure 2).  
 
Figure 2  Lithology and polarity of the Luzigou section [21]. 
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2  Materials and methods 
A total of 120 samples were collected for pollen analysis 
within interval of 30–50 cm. Using previously-tested meth-
ods, we extracted pollen grains from the loess-red clay se-
quences [15,22]. For each sample, we treated 200 g of 
sediment with hydrochloric acid and hydrofluoric acid. This 
procedure removed carbonates and silicates, respectively. 
We then concentrated the pollen by sieving the remaining 
material through a 10 μm mesh in an ultrasonic bath and 
discarded the fine fraction. The pollen residue, together with 
glycerine, was prepared on slides. 
3  Palynological records 
Samples collected below 40 m depth had little or no pollen. 
Thus, we focus our discussions of results to the strata above 
40 m, with 100 samples in total. More than 100 pollen 
grains were obtained from 73 samples. The remaining 27 
samples contained less than 100 pollen grains. 
The collected pollen grains were grouped into 24 fami-
lies and 32 genera. The arboreal taxa include Pinus, Ketel-
eeria, Betula, Quercus, Ulmus, Zelkova, Rutaceae, Juglans, 
Rhus, Carpinus, Salix, and Castanea/Castanopsis among 
others. In addition, scrubby and herbaceous taxa included 
Artemisia, Chenopodiaceae, Compositae (excluding Ar-
temisia), Gramineae, Nitraria, Ranunculaceae, Cruciferae, 
and Polygonum. 
To synthesize the information and emphasize the paly-
nological trends, we selected 17 major taxa to construct a 
pollen diagram. In the diagram, the samples that contained 
less than 100 pollen grains were excluded. According to 
variations in the abundance of the dominant palynomorph 
taxa, and nap/ap (aridity index [23]), four ecological zones  
were identified in our sedimentary record (Figure 3). 
Zone I (5.6–4.4 Ma, 40–19 m).  In this zone, the arbo-
real taxa had a significant content (16%–35.8%, average 
27.3%). The broadleaf trees of Betula (3.7%–14%) and Ul-
mus (2.7%–14.2%) were the most common, accompanied 
by Quercus (0–7.4%, average 2.4%). The coniferous taxa 
mainly included small amounts of Pinus (average 4%, with 
the highest content being 8.0%). Other arboreal taxa were 
Salix, Juglans, and Carpinus with less than 5% each. There 
were some subtropical taxa such as Rutaceae, Rhus, Zelk-
ova. The herbaceous taxa were abundant, mainly including 
arid types, such as Artemisia (24.8%–56.5%, average 
39.2%), Chenopodiaceae (10.5%–34.9%, average 21.0%), 
and mesophilous Gramineae (10.5%–35.4%), along with 
small amounts of Ephedra and Nitraria, with amounts less 
than 1% each. Nap/ap values were between 1.8 and 5.1, 
with a mean value of 2.85. 
Zone II (4.4–3.5 Ma, 19–8 m).  Forest taxa showed 
slightly decreasing, with an average of 21.5% (15.6%– 
30.9%). These included Ulmus (average 5.6%) and Betula 
(average 4.9%). The amounts of Quercus and Salix were 
low, with average percentages of 2.5% and 1.6%, respec-
tively. The main needle tree was Pinus (average 3.3%). The 
amounts and frequencies of subtropical taxa were low. The 
percentage of herbaceous taxa increased, with the subdesertic 
type of Chenopodiaceae averaging 33.6%, and Gramineae 
ranged between 3.5%–15.8%. Artemisia decreased, and had 
an average value of 32%. Nap/ap values were between 2.0 
and 7.0, with a mean value of 4.23. At the top of this zone, 
the percentage of Chenopodiaceae was up to 45%. In addi-
tion, the arboreal taxa were low in abundance, and sub-
tropical species were not present. 
Zone III (3.5–2.8 Ma, 8–1 m).  This zone had a consid-
erably high number of herbaceous taxa (66.1%–90.7%), and 
the species and amounts of forest taxa were lower (average  
 
Figure 3  Age, pollen diagram and zones of the Luzigou section. 
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11.4%). Artemisia increased with an average of 56.9%. The 
species of Compositae also increased greatly (0–15.7%). 
The percentage of Chenopodiaceae decreased to 11.7%. In 
addition, the forest taxa mainly were made up of Betula, 
Ulmus and Salix, with mean values of 2.4%, 2.3%, and 
1.2%, respectively. Juglans and Carpinus decreased in 
abundance, and subtropical taxa, such as Rutaceae dimin-
ished. Nap/ap values were between 7.4 and 9.9, with a mean 
value of 8.54. 
Zone IV (3.05–2.8 Ma, 3–1 m). The arboreal taxa (20.8%– 
29.7%) increased in abundance, with an average of 25.4%, 
mainly including Pinus (average 9.3%) and Ulmus (aver-
age 6.4%). The percentages of Betula and Salix were 
4.7%, 2.6%, respectively. Juglans and Carpinus were not 
present. The thermo-humidiphilous subtropical taxa de-
creased, except for Zelkova, which yielded an average of 
1.5%. The nonarboreal taxa were composed of Artemisia, 
Chenopodiaceae, and Gramineae. Compositae is less than 
10%, except for one sample (24.8%) at the top of this 
zone. Nap/ap values were between 2.1 and 3.5, with a 
mean value of 2.89. 
4  Discussion 
Studies of the long-term pollen record in the loess-red clay 
sequence are rare because of the oxidizing environments of 
loess and red clay deposits. However, with improved labo-
ratory techniques [24–26], it now is possible to effectively 
extract pollen gains. By taking a large bulk sample, we were 
able to collect more than 100 grains of pollen from most 
samples. This amount is statistically powerful for recon-
structing paleo-vegetation and paleo-environments. 
4.1  Early-mid Pliocene paleo-vegetation and paleocli-
mate evolution 
Within the entire section, the pollen assemblages were rela-
tively stable. Pollen records delineated four stages of pa-
leo-vegetation and paleoclimate evolution. During the time 
interval of 5.6–4.4 Ma, the pollen assemblages showed rela-
tively high percentages of arboreal taxa (15%–36%), mainly 
including the temperate and warm-temperate deciduous 
Betula, Ulmus, Quercus. The study of pollen-climate re-
sponse surface indicated that Betula and Quercus were very 
sensitive to the humidity [27–29]. It is important to empha-
size the development of subtropical thermophilous broad-
leaf trees, such as Rutaceae and Rhus. The herbaceous taxa 
were most prevalent; the drought-enduring Artemisia and 
Chenopodiaceae and mesophilous Gramineae were the most 
abundant. In addition, the value of nap/ap was low. Thus, 
we suggest that it was an open forest steppe ecosystem with 
a warm and humid climate. 
From 4.4 to 3.5 Ma, the arboreal taxa composed of Ul-
mus and Betula, decreased slightly, and the subtropical  
species were few. The amounts of herbaceous taxa in-
creased, and Nap/ap increased. Thus, the study area may 
have been covered by parklands, corresponding to drying 
conditions. Especially, during 3.9–3.7 Ma, desertic steppe 
plants belonging to the Chenopodiaceae increased notably, 
arboreal abundances were lower, and nap/ap values were 
the highest. As we know, Chenopodiaceae are particularly 
successful in dry, saline habitats of temperate and subtropi-
cal climates. These findings suggest that the vegetation 
structure may have changed to a desert steppe, and the cli-
mate may have undergone an increase in temperature and 
evaporation, with low rainfall conditions.  
Since 3.5 Ma to 3.05 Ma, the dominant feature was the 
peak abundance of herbaceous species, including Artemisia, 
Gramineae, and especially Compositae. In addition, the de-
sertic Chenopodiaceae decreased. The abundance of arbo-
real taxa decreased to their lowest point, including moderate 
arboreal plants such as Betula, Ulmus, Quercus, and conif-
erous taxa, such as Pinus. The subtropical indicatives dis-
appear. The pollen assemblage suggests an open steppe 
vegetation landscape during this interval, and the climate 
appears to have been cool and dry.  
During 3.05 Ma and 2.8 Ma, the abundance of arboreal 
taxa was slightly less than in stage one, and increased sud-
denly with Pinus and Ulmus. The herbaceous species de-
creased, such as Atemisia, Compositae, Gramineae, and 
Chenopodiaceae. Nap/ap decreased dramatically. The forest 
steppe during this period is suggested to have been that of a 
warm and moist climate. 
4.2  The strong East Asian summer monsoon before 3.5 
Ma 
Under control of the EAM precipitation, the modern latitu-
dinal vegetation patterns of the CLP were distributed as 
shown in Figure 1. Deciduous and evergreen forests existed 
in the southeastern plateau. As precipitation decreased to 
the north, ecosystems opened to forest-steppes, and then 
steppes and steppe-deserts. With the arboreal taxa declining, 
the EASM precipitation decreased to the north. Hence, ar-
boreal abundances can be used to mirror the relative sea-
sonal precipitation. 
On the CLP, the combined temporal and spatial vegeta-
tion patterns may shed light on past climate systems. The 
pollen data of the Luzigou section is the most northerly 
vegetation record so far, which allows evaluation of latitu-
dinal trends for the ecosystem evolution during the Plio-
cene. The limited previous published pollen data are re-
stricted to the central and southern CLP, including red clay 
deposition sections, such as the Xifeng [14], Chaona [15], 
and fluvial deposition, such as Yushe [30] and Lingtai [31], 
covering the interval from ~7 Ma to ~2 Ma. 
The Yushe record shows that forest landscape dominated 
during 5.1–2.3 Ma. Before 3.5 Ma, the arboreal abundances 
ranged from 60% to 90%. The mixed coniferous broadleaf 
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forest developed, along with the occurrence of subtropical 
taxa, such as Carya. After 3.6 Ma, the grass expanded rap-
idly [30]. Lingtai data show that the percentage of arboreal 
taxa and shrubs was 91.4%, with deciduous broadleaf trees 
at 37%. The needle-deciduous forest mainly was composed 
of Pinus and Betula, which indicates that during 5.8–3.4 
Ma, subtropical Carya and Tsuga also appeared [31]. Dur-
ing 5.6–3.7 Ma, the arboreal abundance of Chaona was 
55%. The pollen assemblage records the transition from the 
deciduous forest (made up of Quercus, Salix, Betula and 
Ulmus) to Cupressaceae forest habitats with increased sea-
sonality at 3.7 Ma [15]. At Xifeng, the arboreal abundance 
was 24% before 3.7 Ma, and decreased to 11% after that 
time. The reduction of arboreal taxa indicates that the vege-
tation gradually changed from temperate forest plants to 
typical grassland after 3.7 Ma [14]. At the most northerly 
section of the Luzigou, the arboreal abundance was 24%, 
and there were subtropical Rutaceae and Rhus surviving 
before 3.5 Ma. After that time, the arboreal trees decreased 
to 11%. The pollen records suggest a vegetation transition 
from forest steppes to steppe landscapes at 3.5 Ma. 
Conclusively, the pollen assemblages show high per-
centages of arboreal trees, and subtropical taxa surviving in 
most sections during 5.6–3.5 Ma. The pollen distribution 
features may demonstrate: 
(1) The S-N humidity gradient. The S-N directional de-
crease of arboreal trees indicates that there may have been 
an S-N humidity gradient, similar to that of the modern 
monsoon state. The S-N directionality of this humidity gra-
dient, drying northerly, may suggest the existence of sum-
mer monsoon-like climate regimes on the CLP for at least 
the past 6 Ma. 
(2) The warm and humid CLP. The finding that more ar-
boreal taxa developed over the entire CLP suggests a more 
humid climate, corresponding to a strong EASM condition.  
Thus, we suggest that the CLP underwent a much 
warmer and more humid climate during 5.6–3.5 Ma. During 
this time interval, the EASM was strong, corresponding to 
the low ice volumes of the Early Pliocene [12]. This link 
between strong EASM and warm intervals at high latitude 
in the Northern Hemisphere agrees with the pattern that 
existed throughout the Pleistocene. Thus, the strengthened 
EASM driven by the global ice volumes appears to have 
existed during the Early Pliocene. 
4.3  Other evidence for paleoclimate change during the 
Pliocene 
The paleoclimate changes recorded from the Luzigou pollen 
data are consistent with many other proxies from the CLP. 
First, detailed investigations on N-S CLP transect sections 
by grain size and major element geochemical analysis 
demonstrate two cycles of the Pliocene Red Clay separated 
by 3.5 Ma, with a warm and stable state climate through 
most of the Pliocene time during the 5.3–3.5 Ma interval 
[32]. From 3.5 Ma onward, the climate transition from 
warm and wet to cool and dry can be supported further by 
the molluscan fossil change from thermo-humidiphilous 
species to meso-xerophilous taxa of the Xifeng section [33]. 
Noticeably, the very recent molecular fossil studies from the 
Xifeng and Chaona sections in the CLP also show a transi-
tion from forest steppe to steppe ecosystem evolution at 
~3.5 Ma during the Pliocene [34,35]. The δ13C from mam-
mal fossils of the CLP also show the increase in C4 vegeta-
tion observed at the southern Loess Plateau localities during 
4–2 Ma, and these correspond to the onset of strong winter 
monsoons [36]. During 5.7–5.48 Ma, the Miaoliang fauna 
with a high proportion of Cervidae, are characterized by 
high diversity and low dominance. This is the typical struc-
ture of forest-type faunas, indicating the warm and moist 
forests or forest steppe environments of the Early Pliocene. 
The Renjiapo fauna at 3.4 Ma mainly are composed of 
even-toed ungulates, with a predominance of hypsodont 
animals. Their signatures represent grassland expansion and 
a cool-dry climate [37,38]. 
5  Conclusions 
The pollen assemblages divided the paleo-vegetation of the 
Pliocene into four stages, at 4.4, 3.5, 3.05 Ma. The ecologic 
environment changed from forest to parkland to steppes, at 
last to forest steppes. In combination with other pollen data 
of the CLP, we identified the characteristics of the ecosys-
tem before 3.5 Ma, with high percentages and S-N direc-
tional decreases in the arboreal taxa, which may indicate a 
much warmer and moister CLP and a strong summer mon-
soon condition.  
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